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INTRODUCTION
The mechanism of earth pressure reduction in a backfill with cushioning material behind the retaining wall is herein discussed. The influences of Poisson's ratio and the elastic modulus of the cushioning material on the reduction of earth pressure against a retaining wall were examined by assuming the material to be an elastic body. Numerical simulations revealed that the attainment of the active state in the sandy backfill was due mainly to the lower Young's modulus and Poisson's ratio of the cushioning material in the static condition. Under static loading, the soil in the vicinity of a wall enters the active state, or what has also been called a "quasi-active state," in which it is deformed by the cushioning material buffer. The concept of the quasi-active state was first introduced by Hazarika and Okuzono (2004) , in which EPS was used as a compressible inclusion to reduce the dynamic earth pressure against the retaining wall. Hazarika et al. (2008) extended the cushioning technique to reduce the dynamic earth pressure against the retaining wall and validated the approach by conducting shaking table tests on gravity type retaining structures. However, the mechanism of earth pressure reduction was not clear in the dynamic case. Therefore, in this study, the mechanism of earth pressure reduction during an earthquake was clarified using a numerical analysis. First, the mechanism of earth pressure reduction was explained for the static case. Subsequently, the deformation of the retaining wall with earth pressure reduction was discussed for the dynamic case.
STATIC CASE

Simulation condition
Numerical simulations were performed in order to simulate the static and dynamic cases. The FEM program code MuDIAN, developed by Takenaka Corporation (Shiomi et al., 1993) was used in the simulation. The numerical mesh in the case of the cushioning material and boundary conditions are indicated in Figure 1 . A sandy foundation ground of 2 m and a sandy backfill 2 m high and 10 m wide was constructed in the plane strain condition. The bottom of foundation ground was kept fixed. Two cases were simulated. One case was simulated with sand at the backfill, while the other had a 0.5 m thick layer of cushioning material at the backfill. The Mohr Coulomb failure criterion of the soil was used as the constitutive model in this study. Table 1 shows the material constants of sand and the cushioning material used in the simulation. The cushioning material and the retaining wall were considered elastic bodies. The friction angle of soil was set at 40°. The stiffness of the foundation ground was greater than that of the backfill sand. The cushioning material was assumed to be tier chips (Kaneda. et.al. 2011 ); its elastic modulus and Poisson's ratio were small compared with those of the soil. The retaining wall was assumed to be composed of concrete. The slip between the retaining wall and soil or cushioning material was not considered in this simulation. Initial calculations were performed using the self-weight of the soils. Then, an additional load of 50 kN/m Figure 2 shows the stress distribution in the vertical direction (compressive stress) acting on the retaining wall from the sand or the cushioning material after loading. In the case of sand, the compressive stress from the sandy backfill was transmitted to the retaining wall. In the case of the cushioning material, the compressive stress is smaller than that in the case of sand at the total. Figure 3 shows the equivalent shear strain distributions after loading. The shear strain in the cushioning material case is larger than that in the sand case. Figure 4 shows the mechanism of earth pressure reduction in the static condition (Kaneda. et.al. 2011) . When cushioning material is present in the backfill and the backfill sand underwent deformation, the cushioning material entered the passive state and the stress increased. On the other hand, the backfill sand entered the active state and the stress decreased with deformation. The equilibrium state is the intersection between the passive cushioning material and the active backfill sand. Thus, earth pressure reduction is the difference between the stress values at the point of intersection and the initial force. See the references in detail. (Kaneda. et.al. 2011 ). The dynamic deformation characteristic (G/G 0 ) and damping ratio h are calculated from equations (1) and (2) . For the soil ground, h max is assumed to be 21.0%.
Simulation results and considerations
where G: shear stiffness, G 0 : initial shear stiffness, r : reference strain, h: dumping, h max : maximum dumping Table 2 lists the material constants. The hyperbolic model at 1 . 0 r was used for sand. The material constants of both the Retaining wall and Cushioning material are the same as the static case. Figure 6 shows the G/G 0 , h~γ curve in sand in this research. Similar to the static case, the self-gravity analysis was performed first, followed by the dynamic analysis. Rayleigh damping was adopted for both structures and soils. Table 3 shows the Rayleigh damping coefficient. The α and β were determined by f1=1Hz, f2=5Hz and h=2%, respectively. Figure 7 shows the input motion. The bottom had an input of 2E with the viscos boundary. Table 4 shows the viscos parameters. The slip between the retaining wall and soil or cushioning material was also not considered in this simulation, as in the static case. α β damping 0.209440 0.001061 Table 3 : Rayleigh damping. Table 5 shows the results of the eigen value analysis. Figure 8 shows the first eigen value mode. The horizontal mode was observed as the first eigen value mode. Figure 9 shows the x direction time history from the retaining wall point (red circle). All cases move to the left after 30 s. In the sand case, the deformation was the largest on the left side. In the 0.5 m cushioning material case, it was the smallest. It was shown that displacement is smaller when cushioning material is attached. Figure10 shows the earth pressure at the retaining wall at both 29.1 s and 100 s (final). In the sand case, the earth pressure occurred at the retaining wall. However, in the case of 50 cm cushioning material case, the earth pressure did not occur. At the trend in the final case is also same. Figure 11 shows the equivalent shear strain distributions at both 29.1 s and 100 s (final). At the 29.1 s mark, in the sand case, the shear strain of the foundation ground in front of retaining wall occurred for the forward deformation. In the 0.5 m cushioning material case, there was shear strain on the lower backfill sand. In the final case, there was more shear strain of the foundation ground in front of retaining wall in the sand case. In the 0.5m cushioning material case, the shear strain occurred for both, the lower backfill and its underlying foundation ground. In the sand case, for the inertial force of the backfill sand, the retaining wall was pushed with the lower left of the retaining wall acting as a fulcrum. On the other hand, in the 0.5 m cushioning material case, while there was shear stain of the foundation ground in front of retaining wall, for the cushioning, the inertial force of backfill sand was absorbed for the friction force toward to the foundation ground as shown by the shear strain of foundation ground. As a result, it is considered that the earth pressure at the retaining wall was small. Like the static, it is also considered that the effect of the quasi-active state existed for the reduction of earth pressure. 
Eigen value analysis
Simulation results
CONCLUSIONS
Earth pressure reduction of the retaining wall with cushioning material was conducted using numerical simulations. In the static case, further reduction of earth pressure was observed in the cushioning material as compared to the sand case. This is likely due to the backfill sand turning into the active state in the cushioning material case (quasi-active state). In the dynamic case, a smaller deformation of the retaining wall was observed in the cushioning material as compared to the sand case. It is considered that in the cushioning material, the inertial force of backfill sand was absorbed by the friction force toward to the foundation ground in addition to the effect of the quasi-active state.
Finally, in this simulation, the slip between the retaining wall and the cushioning material or sand backfill was not considered. However, the effect of slip is important for the deformation in the dynamic analysis. In the future, we would like to include the slip effect in numerical simulations.
